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ABSTRACT
The active roles of sensible heat supply from the Kuroshio/Kuroshio Extension in the rapid development of
an extratropical cyclone, which occurred in the middle of January 2013, were examined by using a regional
cloud-resolving model. In this study, a control experiment and three sensitivity experiments without sensible
and latent heat fluxes from the warm currents were conducted. When the cyclone intensified, sensible heat
fluxes from these currents become prominent around the cold conveyor belt (CCB) in the control run.
Comparisons among the four runs revealed that the sensible heat supply facilitates deepening of the cyclone’s
central pressure, CCB development, and enhanced latent heating over the bent-back front. The sensible heat
supply enhances convectively unstable conditions within the atmospheric boundary layer along the CCB. The
increased convective instability is released by the forced ascent associated with frontogenesis around the bentback front, eventually promoting updraft and resultant latent heating. Additionally, the sensible heating leads
to an increase in the water vapor content of the saturated air related to the CCB through an increase in the
saturation mixing ratio. This increased water vapor content reinforces the moisture flux convergence at the
bent-back front, contributing to the activation of latent heating. Previous research has proposed a positive
feedback process between the CCB and latent heating over the bent-back front in terms of moisture supply
from warm currents. Considering the above two effects of the sensible heat supply, this study revises the
positive feedback process.

1. Introduction
Explosive development of extratropical cyclones occurs frequently around the Kuroshio/Kuroshio Extension in the northwestern Pacific Ocean and the Gulf
Stream in the northwestern Atlantic Ocean during
northern winters (e.g., Sanders and Gyakum 1980;
Gyakum et al. 1989; Chen et al. 1992; Wang and Rogers
2001; Lim and Simmonds 2002; Yoshida and Asuma
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2004; Yoshiike and Kawamura 2009; Iizuka et al. 2013).
Both regions are characterized by strong near-surface
baroclinicity (e.g., Hoskins and Valdes 1990; Hotta and
Nakamura 2011; Seiler and Zwiers 2016). Such an
environmental condition favors cyclogenesis through
interaction between the upper-level and surface disturbances (e.g., Hoskins et al. 1985; Takayabu 1991;
Shapiro et al. 1999). Additionally, latent heat release
owing to water vapor condensation plays a vital role
in facilitating the rapid intensification of cyclones (e.g.,
Kuo et al. 1991b; Reed et al. 1992; Davis et al. 1993;
Ahmadi-Givi et al. 2004; Kuwano-Yoshida and Asuma
2008). Previous studies indicate that the moisture and
sensible heat supply around warm currents is one of the
factors responsible for the enhanced latent heating
in extratropical cyclones (e.g., Davis and Emanuel
1988; Nuss and Kamikawa 1990; Kuo et al. 1991a;
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Reed et al. 1993; Gyakum and Danielson 2000; Booth
et al. 2012; Kuwano-Yoshida and Minobe 2017).
To clarify how the moisture and sensible heat supply
from the warm currents affect the latent heating, the
structures of synoptic-scale flows that characterize
extratropical cyclones need to be considered, particularly the warm conveyor belt (WCB) and the cold conveyor belt (CCB). The WCB is a northward flow with
warm and moist air that prevails in the warm sector of
cyclones (e.g., Carlson 1980; Whitaker et al. 1988;
Browning and Roberts 1994). The CCB is an easterly
flow accompanied by cold and dry air that passes beneath the warm-frontal zone of cyclones (e.g., Carlson
1980; Whitaker et al. 1988; Schultz 2001). Booth et al.
(2012) examined the roles of the WCB in a cyclone’s
growth and investigated how surface moisture and heat
fluxes influence the development of extratropical cyclones in the Gulf Stream region. They postulated that
the surface moisture and heat supply under the warm
sector produces increased latent heating in the cyclones
via the WCB, thereby strengthening the extratropical
cyclogenesis.
Another view is the active role of the CCB in the rapid
development of cyclones over warm currents. Hirata et al.
(2015, hereafter H15), showed that the CCB facilitates
surface evaporation from the Kuroshio/Kuroshio Extension and imports the evaporated moisture into the cyclone’s center. This subsequently leads to intensification
of the cyclone through the increased latent heating
around the bent-back front, which results in further
development of the CCB. H15 proposed that such a
positive feedback process contributes to the rapid development of an extratropical cyclone over the warm
currents, which is illustrated in their Fig. 18. We hereafter call this feedback process CCB–latent heating
(CCB–LH) feedback process for convenience. Furthermore, Hirata et al. (2016, hereafter H16), indicated
that sea surface temperature (SST) variations in the vicinity of the Kuroshio Extension have the potential to
deform the inner structures of explosive cyclones
through this feedback process.
Because the magnitude of sensible heat fluxes from
the Kuroshio/Kuroshio Extension is always smaller than
that of latent heat fluxes during the growth phase of the
cyclone, H15 did not consider roles of sensible heat
supply from those currents in the CCB–LH feedback
process. However, the sensible heat supply from the
ocean acts to decrease the static stability in the lower
troposphere (e.g., Kuo et al. 1991a; Neiman and Shapiro
1993; Reed et al. 1993). Moreover, the increase in temperature in the atmospheric boundary layer by sensible
heating may lead to a rise in water vapor content because the saturation mixing ratio also increases. If these
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two possible effects of the sensible heat supply are significant in the CCB–LH feedback process, we need to
revise the concept of the feedback process proposed
by H15.
The main objectives of this study are 1) to examine
the relative roles of the sensible heat supply from the
Kuroshio/Kuroshio Extension in the CCB–LH feedback process and 2) to revise the CCB–LH feedback process if necessary. To address these issues, this
study focuses on an extratropical cyclone with rapid
development over the Kuroshio/Kuroshio Extension on
14 January 2013, which is the same cyclone analyzed in
H15. Additionally, we conducted a control experiment
and three sensitivity experiments with respect to surface
heat fluxes using a regional cloud-resolving model. To
quantitatively evaluate the influence of the sensible heat
supply from the Kuroshio/Kuroshio Extension on the
cyclone growth, an experiment is performed without
sensible heat fluxes from the warm currents. In addition,
two other sensitivity experiments, one without latent
heat fluxes and one without both sensible and latent heat
fluxes from the currents, are also conducted to validate
the CCB–LH feedback process.
Section 2 presents the design of the numerical experiments and validation of the control experiment.
Section 3 addresses the influences of the sensible heat
and moisture supply from the Kuroshio/Kuroshio Extension on the cyclone’s intensity and the mesoscale
structures around the cyclone’s center. Section 4 examines the significant roles of the sensible heat supply from
these currents in the CCB–LH feedback process. A
discussion and a summary are provided in sections 5 and
6, respectively.

2. Experimental design and validation of the
control experiment
a. Design of the Cloud Resolving Storm Simulator
To conduct numerical experiments of the explosive
cyclone, the Cloud Resolving Storm Simulator (CReSS)
was used (Tsuboki and Sakakibara 2007; Tsuboki 2008).
The basic design of the CReSS model was same as that in
H15 and H16, and the following text is derived from
there with minor modifications. A bulk parameterization of cold rain (Tsuboki and Sakakibara 2007) was
applied to the cloud microphysical processes in this
model. The microphysical scheme used in the present
experiments included both the prognostic equations for
the mixing ratio of water vapor, cloud water, cloud ice,
rain, snow, and graupel and the number concentrations
of cloud ice, snow, and graupel. We applied a 1.5-order
turbulent kinetic energy closure scheme (Tsuboki and
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FIG. 1. (a)–(c) Maps of surface turbulent sensible heat flux (shading) and SLP (contours) simulated by the CNTL run at 0000, 0900, and
1800 UTC 14 Jan 2013. The shading interval is 250 W m22. The contour interval is 5 hPa. The ocean area enclosed by the green line
corresponds to an area in which the surface heat fluxes were removed in the sensitivity experiments. (d)–(f) As in (a)–(c), but for surface
turbulent latent heat flux (shading).

Sakakibara 2007) as subgrid-scale turbulence processes.
The model domain was East Asia and the northwestern
Pacific sector (128–608N, 1108–179.38E) (as shown in
Fig. 2b). The horizontal grid size was 0.058 longitude 3
0.058 latitude, and the vertical coordinate was a terrainfollowing coordinate. A total of 45 vertical layers were
included; the height of the top level was 22 500 m (approximately 37 hPa). The time steps of terms related to
sound waves and other terms were 4.5 and 9.0 s, respectively. The integration period was from 0600
UTC 13 January to 0000 UTC 15 January 2013, including the period of the cyclone’s rapid development.
We chose 0600 UTC 13 January as the initial time because the experiment with that initial time successfully
simulated the rapid development of the cyclone. The
initial and lateral boundary conditions were derived
from the Japan Meteorological Agency (JMA) Global
Spectral Model (GSM) data (Japan Meteorological
Agency 2013) with a time resolution of 6 h and a spatial
resolution of 0.58 longitude 3 0.58 latitude. We used the
Japan Coastal Ocean Predictability Experiment 2
(JCOPE2; Miyazawa et al. 2009) with a spatial resolution of 1/128 longitude 3 1/128 latitude as SST data. The
SST field was assumed to be constant throughout
the integration period because daily SST variations over

the northwestern Pacific Ocean were very small during
that period (not shown).
We first carried out a control experiment (CNTL run).
Figure 1 shows the spatial distributions of surface turbulent sensible and latent heat fluxes along with sea
level pressure (SLP) during the cyclone’s development
stage in the CNTL run. The area enclosed by the green
line in Fig. 1 corresponds to the oceanic region where
both fluxes were similarly enhanced during that stage.
To examine the roles of those fluxes in the rapid intensification of the cyclone, we performed three experiments in which sensible heat fluxes, latent heat fluxes,
and both sensible and latent heat fluxes were excluded
from the ocean area enclosed by the aforementioned
green line during the integration period. For convenience, these experiments are hereafter referred to as
runs with no sensible heat flux (NSH), no latent heat flux
(NLH), and no sensible/latent heat fluxes (NSLH).

b. Validation of the control run
To validate the reproducibility of the cyclone simulated by the CNTL run, we used JMA mesoscale model
(MSM) data (Japan Meteorological Agency 2013)
with a spatial resolution of 0.058 longitude 3 0.06258
latitude. Figure 2a shows the time series of the central
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FIG. 2. (a) Time series of the central pressure of an explosive cyclone derived from the CNTL run (red line) and
JMA MSM data (green line). The time of the maximum deepening rate of the cyclone is indicated by a closed circle.
(b) Tracks of the cyclone as identified by the CNTL run (red line) and MSM data (green line). The location of the
cyclone at its maximum deepening rate is also shown by a circle.

pressure of the cyclone as identified by the CNTL run
and the MSM data. Figure 2b indicates the cyclone
tracks and the locations of the cyclone’s maximum
deepening rate in the CNTL run and the MSM data.
According to Yoshiike and Kawamura (2009), the
deepening rate of the cyclone « is defined by
«5

pc (t 2 6)2pc (t 1 6) sin608
,
sinuc
12

(1)

where pc , uc , and t are the SLP at the center of the cyclone, the latitude at the cyclone center, and the time in
hours, respectively. There are differences in the central
pressure of the cyclone between the CNTL run and the
MSM at the early stage, although the rapid development
of the cyclone at the later stage was properly simulated
by the CNTL run (Fig. 2a). The time of the maximum
deepening rate with the CNTL run was 9 h later than
that with the MSM, although the track and location of
the maximum deepening rate in the CNTL run corresponded well to those in the MSM (Fig. 2b). The maximum deepening rates in the CNTL run and the MSM
were very close to the value of 3.9 hPa h21. These
comparisons confirm that the CNTL run faithfully simulated the basic features of the corresponding cyclone.
The reproducibility of the cyclone in the CNTL run
was better than that in the H15 simulation using a highresolution coupled atmosphere–ocean regional model,
CReSS–Non Hydrostatic Ocean model for the Earth
Simulator (NHOES) (Aiki et al. 2015). This is because
the maximum deepening rate in the H15 simulation was
2.8 hPa h21, which is lower than that in the CNTL run
and the MSM. The design of the CNTL run was the same
as that of the atmospheric model in H15 except for the

initial time. The initial time of the simulation in the CNTL
run was 18 h later than that in H15. Because the H15
simulation successfully reproduced the observed SST
evolutions, we believe that the improved simulation in this
study is attributable to the change in the initial time.

3. Impact of sensible heat and moisture supply from
warm currents on an explosive cyclone
In this section, we investigate the cyclone’s sensitivity
to the supply of sensible heat and moisture from the
Kuroshio/Kuroshio Extension by comparing the CNTL
run with the three flux sensitivity runs. Sections 3a and
3b highlight the cyclone’s intensity and the mesoscale
structures around the cyclone center, respectively.

a. Intensity of the cyclone
Figure 3 shows a time series of the difference in the
central pressure of the cyclone between each sensitivity run and the CNTL run. It turns out that the
central pressure differences between the individual
sensitivity runs and the CNTL run occurred from 0000
UTC 14 January when the cyclone’s center began to
intrude into the area enclosed by the green line in
Fig. 1. As the sensible heat and moisture supply from the
Kuroshio/Kuroshio Extension became active in the
CNTL run (Fig. 1), the differences in central pressure
tended to increase between each sensitivity run and the
CNTL run. At 1800 UTC 14 January, the central pressure difference of the NSH, NLH, and NSLH runs with
respect to the CNTL run reached about 5, 12, and
15 hPa, respectively. After 1800 UTC 14 January, the
central pressure differences were almost constant, although the difference decreased slightly after 2200
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FIG. 3. Time series of the differences in the cyclone’s central pressure for the NSH run (blue
line), NLH run (green line), and NSLH run (red line) with respect to the CNTL run. The
differences are calculated by subtracting the central pressure in the CNTL run from that in each
sensitivity run.

UTC 14 January in the NSLH run. The maximum
deepening rates in the CNTL, NSH, NLH, and NSLH
runs were 3.9, 3.4, 2.9, and 2.7 hPa h21, respectively.
These results imply that the sensitivity of the central
pressure deepening owing to the sensible heat fluxes was
smaller than that owing to the latent heat fluxes. However, it must be noted that the sensible heat supply
contributed to the development of this cyclone. Previous
studies also pointed out that sensible heat supply intensified extratropical cyclones (e.g., Kuo et al. 1991a;
Langland et al. 1995; Booth et al. 2012).
We next compare the cyclone’s intensity among the
four runs from the perspective of near-surface wind
speed in the vicinity of the cyclone’s center. Figure 4
displays the spatial distribution of 10-m horizontal wind,
its magnitude, and the SLP in each run at 1800
UTC 14 January, when the wind speed around the cyclone center peaked in the CNTL run. In the CNTL run,
the near-surface wind and horizontal SLP gradient were
enhanced on the western side of the cyclone center. The
wind speed and SLP distribution around the cyclone
center in the CNTL run were characterized by a zonally
asymmetric structure. Although the asymmetric structure in the NSH run resembled that in the CNTL run, it
was less clear in the NLH and NSLH runs. The maximum values of the 10-m wind speed in the western
quadrant of the cyclone center are about 47, 44, 39, and
31 m s21 in the CNTL, NSH, NLH, and NSLH runs,
respectively. The distribution of the near-surface wind
west and north of the cyclone’s center corresponds to the
CCB, which indicates that the wind speed along
the CCB in the NSH run was less intense than that in the
CNTL run. In addition, the CCB was much weaker in
the NLH and NSLH runs. The area of strong wind
southeast of the cyclone’s center, which may be related
to the sting jet (e.g., Browning 2004; Slater et al. 2015),
was identified in the CNTL and NSH runs but is hardly
seen in the NLH and NSLH runs. The differences in the

central pressure of the cyclone and the near-surface
wind distributions among each run may be attributed to
differences in mesoscale latent heating over the bentback front (H15; H16), which will be shown in the following subsection.

b. Mesoscale structures in the vicinity of the cyclone’s
center
Figure 5 illustrates the horizontal distributions of SLP
and the latent heating rate owing to condensation integrated from the surface to 100 hPa at 1400
UTC 14 January, when the differences in the central
pressure of the cyclone between each sensitivity run
and the CNTL run increased. The frontal positions,
which are estimated from the axis of the maximum
horizontal gradient of 950-hPa equivalent potential
temperature ue , are also represented by open circles.
A pronounced mesoscale latent heating area in the
CNTL run appeared over the bent-back front north of
the cyclone center (Fig. 5a); this heating in the NLH
run was comparatively suppressed (Fig. 5c), which
agrees with the findings of H15 and H16. Such suppression was also apparent in the NSH run, although
the difference was small (Fig. 5b). When both sensible
and latent heat fluxes were excluded (NSLH; Fig. 5d),
latent heating in the mesoscale bent-back frontal region was minimized. However, no systematic differences in heating over the warm front at the forward
sector of the eastward-moving cyclone were noted
between the CNTL and sensitivity runs.
To further compare the mesoscale structures around
the bent-back front among the four runs, we examine
the vertical distributions of latent heating and vertical
wind. The top panel of Fig. 6 shows the latitude–height
cross-sectional maps of latent heating rate, horizontal
moisture flux convergence, and meridional and vertical
winds along the green lines in Figs. 5a–5d. These green
lines cross the grid where the vertically integrated latent
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FIG. 4. (a)–(d) Maps of 10-m horizontal wind (vectors), its magnitude (shading), and SLP (contours) at 1800
UTC 14 Jan 2013 in the CNTL run, NSH run, NLH run, and NSLH run. The reference arrow is 35 m s21. Winds of
less than 5 m s21 are suppressed. The shading interval is 5 m s21; the contour interval is 5 hPa.

heating rate was maximum in the vicinity of the bentback front in each run. The bottom panel of Fig. 6 is the
same as the top panel except for the vertical wind and
the horizontal wind convergence. In the CNTL run, the
horizontal convergences of moisture flux and wind were
dominant near the surface at the bent-back front, and the
updraft accompanied by latent heating was evident
around 700 hPa over these convergence areas (Figs. 6a,e).
These mesoscale structures over the bent-back front in
the NLH run were less clear than those in the CNTL run
(Figs. 6c,g). Although differences were also noted in the
latent heating and updraft over the bent-back front between the NSH and CNTL runs (Figs. 6b,f), they were
smaller than those between the NLH and CNTL runs.
The latent heating and updraft were weakest in the
NSLH run (Figs. 6d,h).

Comparisons between the NLH and CNTL runs
revealed that the moisture supply from the warm currents reinforces the latent heating over the bent-back
front and facilitates the cyclone’s development, which is
quite consistent with the results of H15. Moreover, the
cyclone’s intensity and the associated latent heating over
the bent-back front in the NSH run became weaker than
those in the CNTL run. These results strongly suggest
that the sensible heat supply from the warm currents
plays additional roles in the CCB–LH feedback process.

4. Role of sensible heat supply in increasing latent
heating over the bent-back front
The results of the previous section suggest that the
surface sensible heat flux in the Kuroshio/Kuroshio
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FIG. 5. (a)–(d) Maps of latent heating rate owing to condensation integrated from the surface to 100 hPa
(shading) and SLP (contours) at 1400 UTC 14 Jan 2013 in the CNTL run, NSH run, NLH run, and NSLH run.
Latent heating rates less than 1 3 104 W m22 are suppressed. The contour interval is 5 hPa. The light blue circles are
placed on latitude with the maximum horizontal gradient of 950-hPa equivalent potential temperature between
1448 and 1498E, with an interval of 0.58 longitude.

Extension may have caused an increase in latent heating
over the bent-back front, thus facilitating the cyclone’s
development. To understand the active roles of the
sensible heat supply in the CCB–LH feedback process,
we further examine the influence of the sensible heat
supply from the warm currents on static stability and
water vapor content in the atmospheric boundary layer
around the cyclone center in sections 4a and 4b,
respectively.

a. Influence of sensible heat supply on static stability
Figure 7 shows the spatial distributions of 950-hPa ue
and its horizontal gradient in the four runs at the same
time as those shown in Figs. 5 and 6. The closed circles
depicted in Fig. 7 were placed 18 north of the latitude
with a maximum horizontal gradient of 950-hPa ue between 1458 and 1498E, with an interval of 18 longitude.

The 950-hPa ue values at the red closed circle were 300,
296, 293, and 286 K in the CNTL, NSH, NLH, and
NSLH runs, respectively. Thus, the near-surface ue on
the northern side of the warm front was lower in the
three sensitivity runs than in the CNTL run. Particularly
in the NSLH run, the area in which ue was less than 290 K
extended to the northern edge of the warm front. In
contrast, there are no systematic differences in the ue
distribution on the southern side of the warm front
among the four runs. These observations imply that the
supply of sensible and latent heat from the warm currents significantly modifies the near-surface air around
the CCB.
Considering the near-surface ue differences, the static
stability within the boundary layer around the CCB was
also expected to differ among each run. Figure 8 displays
the vertical profile of ue at the locations of the closed
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FIG. 6. (a)–(d) Latitude–height cross-sectional maps of latent heating rate owing to condensation (shading), the horizontal moisture flux
convergence (contours), and meridional and vertical winds (vectors) at 1400 UTC 14 Jan 2013 along lines A–A0 , B–B0 , C–C0 , and D–D0 , as
illustrated in Fig. 5. Latent heating rates less than 10 K h21 are suppressed. The contoured interval is 5 3 1026 kg kg21 s21. Convergence of
less than 5 3 1026 kg kg21 s21 is suppressed. The reference arrows for the meridional and vertical winds are 40 and 1 m s21, respectively.
Meridional winds of less than 25 m s21 are suppressed. (e)–(h) As in (a)–(d), but for vertical velocity (shading) and the convergence of
horizontal wind (contours). Vertical velocity less than 1 m s21 is suppressed. The contour interval is 5 3 1024 s21. Convergence of less than
5 3 1024 s21 is suppressed.

circles depicted in Figs. 7a–d. In the CNTL run, a convectively unstable layer existed below the ;900-hPa
level along the CCB (Fig. 8a). The establishment of the
unstable layer was more evident at the locations on the
western side (red and yellow lines) than at those on
the eastern side (green and blue lines), which suggests
that the near-surface ue gets largest along the longest
fetch across the warm currents. In contrast, such an
unstable layer along the CCB did not exist in the three
sensitivity runs. The vertical ue profiles near the surface
exhibited a neutral condition in the NSH run (Fig. 8b).
The NLH and NSLH runs simulated the appearance of a
stable layer at the near-surface layer (Figs. 8c,d).
Figure 9 shows the spatial distributions of the ue difference between 875- and 950-hPa levels in each run at
the same time as that shown in Fig. 8. In the CNTL run, a
convectively unstable area in the boundary layer zonally
expanded along the northern side of the cyclone’s center, where the CCB was located (Fig. 9a). In the NSH
run, such an unstable area hardly appeared to the north

of the cyclone’s center, whereas stable or neutral areas
were located around the CCB (Fig. 9b). Furthermore,
moderate and strongly stable areas were noted along the
CCB in the NLH and NSLH runs, respectively (Figs. 9c,
d). These observations indicate that the sensible heat
supply in addition to the latent heat supply from the
warm currents is responsible for the change in static
stability of the boundary layer along the CCB.
At the end of this subsection, we examine the thermal
structures and Petterssen (1936) frontogenesis near the
surface around the bent-back front to understand how
the convective instability around the CCB is released.
Since convectively unstable areas were simulated only
around the CCB in the CNTL and NSH runs as seen in
Fig. 9, we focus only on these two runs. The left panel of
Fig. 10 shows the horizontal gradient of 950-hPa potential temperature u, 950-hPa horizontal wind, and SLP
in the CNTL and NSH runs at the same time as that
shown in Fig. 9. The middle panel displays the vertical
distribution of u and zonal and vertical wind along the
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FIG. 7. (a)–(d) Maps of 950-hPa equivalent potential temperature (shading), its horizontal gradient (red contours), and SLP (gray contours) at 1400 UTC 14 Jan 2013 in the CNTL run, NSH run, NLH run, and NSLH run. The
shading interval is 10 K, and the contour interval for the gradient is 0.2 K km21. Gradients less than 0.2 K km21 are
suppressed. The contour interval for the SLP is 10 hPa. The closed circles are placed 18 north of the latitude with the
maximum horizontal gradient of 950-hPa equivalent potential temperature between 1458 and 1498E, with an interval of 18 longitude.

blue lines in Figs. 10a and 10d. The right panel is the
same as the left panel except for 950-hPa Petterssen
frontogenesis. A narrow region characterized by a
moderate horizontal u gradient was elongated northward from the western edge of the bent-back front in the
CNTL run (Fig. 10a). This elongated region was also
accompanied by an ascending motion prevailing on the
warm side of that region (Fig. 10b). Additionally, positive Petterssen frontogenesis coincided well with that
region (Fig. 10c). As is well known, positive horizontal
frontogenesis creates a thermally direct vertical circulation (cf. Martin 2006, chapter 7; Lackmann 2011,
chapter 6). Thus, we infer that the ascent induced by the
frontogenesis on the western edge of the bent-back front
led to the release of the convective instability around the

CCB, resulting in enhanced latent heating. Such a thermal structure, ascent, and frontogenesis in the vicinity of
the bent-back front can also be seen in the NSH run
(Figs. 10d–f). The distribution of the frontogenesis in the
NSH run resembled that in the CNTL run, which implies
that the difference in the forced ascent associated with the
frontogenesis between the two runs is insignificant.

b. Influence of sensible heat supply on water vapor
content
The sensible heat supply from the Kuroshio/Kuroshio
Extension may also affect the distribution of the water
vapor mixing ratio w in the near-surface layer around
the CCB because the saturation water vapor mixing
ratio ws increases with an increasing temperature.
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FIG. 8. (a)–(d) Vertical profiles of equivalent potential temperature at the locations of closed circles illustrated in Figs. 7a–d. The colors of
the lines correspond to those of the circles plotted in Fig. 7.

To clarify the role of the surface heat fluxes in the w and
ws distributions, we first carried out a backward trajectory analysis for the CNTL run. We put an air parcel
on the red circle depicted in Fig. 7a, at 500 m, and integrated

from 1400 UTC 14 January to 0600 UTC 13 January at
1-min intervals.
Figure 11a shows the trajectory of the air parcel along
with the SLP at 1400 UTC 14 January in the CNTL run.

FIG. 9. (a)–(d) Maps of the difference in equivalent potential temperature between the 875- and 950-hPa levels
(the former minus the later; shading), 950-hPa horizontal wind (vectors), and SLP (contours) at 1400 UTC 14 Jan
2013 in the CNTL run, NSH run, NLH run, and NSLH run. The shading interval is 1 K. The reference arrow is
35 m s21. Winds of less than 5 m s21 are suppressed. The contour interval is 5 hPa.
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FIG. 10. (a) Maps of the horizontal gradient of 950-hPa potential temperature (shading), 950-hPa horizontal wind (vectors), and SLP (contours) at
1400 UTC 14 Jan 2013 in the CNTL run. The shading interval is 1.0 3 1021 K km21. The reference arrow is 40 m s21. The contour interval is 5 hPa.
(b) Longitude–height cross-sectional maps of potential temperature (shading) and zonal and vertical winds (vectors) along the blue line illustrated in
(a). The shading interval is 4 K. The reference arrows for the zonal and vertical winds are 40 m s21 and 1 m s21, respectively. (c) As in (a), but for the
950-hPa Petterssen frontogenesis (shading). The unit of frontogenesis is 1025 K km21 s21. (d)–(f) As in (a)–(c), but for the NSH run.

The top panel of Fig. 11b displays the temporal changes in
w, ws , and u for the air parcel. The changes in the surface
sensible and latent heat fluxes at the underlying ocean are
also shown in the bottom panel. When the air parcel
moved westward over the Kuroshio Extension, u and ws
increased owing to the sensible heat fluxes from the underlying ocean surface (A–E); w also increased because
the parcel gained moisture from the warm current. Around
C, the air parcel became almost saturated. Interestingly,
the w of the saturated parcel rose continuously between C
and E along with the increase in ws . These observations
suggest that the sensible heating by the warm currents
contributed to the increase in w of the saturated parcel
associated with the CCB through the increase in ws .
To further examine the influence of the sensible heat
supply on the distribution of the w and ws in the vicinity

of the cyclone center, we compared the CNTL run with
the NSH run. The left and middle panels of Fig. 12 show
the spatial patterns of temperature, ws , and w at the 950hPa level at the same time as that shown in Fig. 10 in the
CNTL and NSH runs, respectively. The right panels
show the difference maps of these meteorological variables between the two runs. The 950-hPa temperature to
the west and north of the cyclone center was lower in the
NSH run than in the CNTL run (Figs. 12a–c). As expected, the 950-hPa ws (Figs. 12d–f) and w (Figs. 12g–i)
over almost the same region were also smaller in the
NSH run than in the CNTL run.
Another remarkable difference between the two runs
is evident in the distribution of cloud water in the nearsurface layer. The top panel of Fig. 13 displays the spatial
pattern of the cloud water mixing ratio at the 950-hPa
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FIG. 11. (a) Trajectory of an air parcel calculated by a backward trajectory analysis using data derived from the
CNTL run. The colored line denotes the height (m) of the air parcel. The SLP distribution (contours) in the CNTL
run at 1400 UTC 14 Jan 2013 is also represented. The contoured interval is 5 hPa. (b) Temporal changes in the
properties of the air parcel. (top) The saturation water vapor mixing ratio (shaded light green), the water vapor
mixing ratio (blue line), and the potential temperature (red line). (bottom) The surface sensible (pink line) and
latent (orange line) heat fluxes of the underlying ocean. Symbols A–E correspond to the locations of the parcel
shown in (a).

level in the CNTL and NSH runs. The bottom panel
shows the vertical distributions of the cloud water mixing
ratio and potential temperature along the red lines in
Figs. 13a and 13b. The cloud water hardly existed near the
surface in the CNTL run (Figs. 13a,c). In contrast, a significant amount of cloud water was apparent at the nearsurface layer around the CCB in the NSH run (Figs. 13b,
d). As seen in Figs. 12d–f, the ws near the surface around
the CCB in the NSH run was smaller than that in the
CNTL run. It is conceivable that the ws decrease led to
the condensation of part of the moisture evaporated from
the warm currents and to the increase in cloud water at
the near-surface layer. Thus, the moisture imported into
the bent-back front by the CCB was reduced in the NSH
run, as compared with the CNTL run. It is suggested that
the sensible heating by the warm currents plays an active
role in increasing the moisture penetrating the bent-back
front through an increase in ws of the near-surface layer
along the CCB.

5. Discussion
a. Revision of CCB–LH feedback process
H15 proposed that the CCB–LH feedback process is a
dynamic process of the explosive development of an
extratropical cyclone over the Kuroshio/Kuroshio Extension, as illustrated in their Fig. 18. In this feedback
process, the vapor evaporating from the warm currents

enhances the mesoscale latent heating over the bentback front with the aid of the CCB, leading to the rapid
intensification of a cyclone. As shown in section 3, the
deepening of the central pressure of the cyclone (Fig. 3)
and the magnitude of the near-surface wind along the
CCB (Fig. 4) were suppressed in the NLH run compared
with those in the CNTL run. Since the latent heating
over the bent-back front in the NLH run was also reduced in comparison with that in the CNTL run (Figs. 5
and 6), it seems that this reduction in the heating resulted in the inhibition of the cyclone’s development in
the NLH run. These observations increase the reliability
of the CCB–LH feedback process proposed by H15.
Comparisons between the CNTL and NSH runs
demonstrate that the cyclone’s intensity (Figs. 3 and 4)
and the associated mesoscale updraft and latent heating
over the bent-back front (Figs. 5 and 6) are more attenuated in the latter than in the former. Such differences also appeared between the NLH and NSLH runs
(Figs. 3, 4, 5, and 6). It should be noted that the sensible
heat supply from the warm currents caused the increase
in latent heating over the bent-back front, which eventually accelerated the cyclone’s growth. Thus, it is
probable that sensible heat supply plays additional roles
in the CCB–LH feedback process as will be discussed in
detail in the next paragraph.
We discuss the specific roles of the sensible heat supply
from the warm currents in the CCB–LH feedback process
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FIG. 12. (a),(b) Maps of 950-hPa temperature (shading) and SLP (contours) at 1400 UTC 14 Jan 2013 in the CNTL run and NSH run.
The shading interval is 4 K, and the contour interval is 5 hPa. (c) Difference map of 950-hPa temperature (shading) between the NSH run
and the CNTL run (the former minus the latter). The SLP distributions (contours) of the CNTL runs are also shown. The shading interval
is 3 K, and the contour interval is 5 hPa. (d)–(f) As in (a)–(c), but for the 950-hPa saturation water vapor mixing ratio. The shading intervals
are (d),(e) 2 g kg21and (f) 1 g kg21. (g)–(i) As in (d)–(f), but for the 950-hPa water vapor mixing ratio.

and revise this feedback process as indicated in Fig. 14.
The sensible heating by the warm currents facilitated
convectively unstable conditions within the atmospheric
boundary layer along the CCB (Figs. 7, 8, and 9). The
intensified convective instability of the boundary layer
was released by the frontogenesis-forced updraft on the
western edge of the bent-back front (Fig. 10), reinforcing
the ascending motion and the associated latent heat release. As another discernible role, the sensible heat supply from the warm currents increased the temperature
and saturation mixing ratio of the near-surface saturated
layer around the CCB, promoting an increase in its water
vapor mixing ratio (Figs. 11 and 12). On the other hand,
the sensible heat supply decreased the cloud water mixing
ratio at the near-surface layer (Fig. 13). The increase in
water vapor provided favorable conditions for the

moisture to penetrate the bent-back front via the CCB,
resulting in the enhanced latent heating. We thus conclude that the sensible heat supply from the warm currents plays additional roles in the CCB–LH feedback
process through the two aforementioned effects, as
shown in Fig. 14.
It should be noted that the roles of the WCB are also
crucial to extratropical cyclogenesis (e.g., Booth et al.
2012; Schemm et al. 2013; Schemm and Wernli 2014;
Binder et al. 2016). However, this study highlighted the
CCB’s roles because no systematic differences were
found in the distributions of equivalent potential temperature and water vapor near the surface around the
WCB among each run (Figs. 7 and 12). Since the surface
heat fluxes around the CCB were essentially removed in
the sensitivity runs (Fig. 1), those under the cyclone’s
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FIG. 13. (a),(b) Maps of 950-hPa cloud water mixing ratio (shading) and SLP (contours) at 1400 UTC 14 Jan 2013
in the CNTL run and NSH run. The shading interval is 0.05 g kg21, and the contour interval is 5 hPa. (c),(d) Latitude–height
cross-sectional maps of cloud water mixing ratio (shading) and potential temperature (contours) at 1400 UTC 14 Jan 2013
along the red lines illustrated in (a),(b). The contoured interval is 3 K.

warm sector, which modify the air transported by the
WCB (Booth et al. 2012), are almost the same in the four
runs. Thus, the differences in the properties of the nearsurface air around the WCB would not have been significant among the four runs.

b. Positive and negative effects of surface heat fluxes
on the cyclone’s development
In the previous sections, we discussed the positive effects of surface heat fluxes on the cyclone’s development.
However, these fluxes often have a negative impact on
cyclogenesis, as shown in Table 2 of Reed et al. (1993).
Previous studies have reported that surface heat fluxes
exert a negative influence on extratropical cyclones developing over ocean areas north of warm currents (Kuo
et al. 1991a; Reed and Simmons 1991; Heo et al. 2015).
Kuo et al. (1991a) showed that when an explosive cyclone
moves over the colder SST to the north of the Gulf Stream,
downward surface sensible heat fluxes prevail within the
warm sector and near the cyclone’s center, whereas

upward fluxes occur behind the cold front and well
ahead of the cyclone. They inferred that the vertical
motion forced by such surface sensible heat fluxes is
unfavorable for a cyclone’s intensification. In contrast,
Reed et al. (1993) demonstrated that surface heat
fluxes facilitate the growth of an explosive cyclone
moving near and parallel to the Gulf Stream. It is
noteworthy that the track of the cyclone highlighted in
this study resembles that discussed in Reed et al. (1993)
in terms of the geographical relationship between the
cyclone and the currents.
The results of the previous studies and the present
study suggest that the positive impact of the surface heat
fluxes becomes evident when extratropical cyclones
develop near warm currents, whereas a negative impact
is induced when the cyclones grow over ocean areas to
the north of the currents. The revised CCB–LH feedback process may account for such a discrepancy. According to the findings of our sequential studies, when
the CCB of extratropical cyclones overlaps with the
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FIG. 14. Schematic diagram representing the revised CCB–LH feedback process in relation
to the explosive development of an extratropical cyclone over the Kuroshio/Kuroshio Extension. Dashed arrows denote the original version of the CCB–LH feedback process proposed by
H15. Solid arrows account for the additional roles of sensible heat supply from the warm
currents highlighted in this paper.

warm currents, the increased surface heat fluxes are
expected to promote a cyclone’s intensification via the
CCB–LH feedback process. The contrasting effects of
the surface heat fluxes on the cyclone development may
depend on the sensitivity of such an overlap, as suggested by H16. Further examinations of the significant
influence of surface heat fluxes on other extratropical
cyclone evolutions are required.

6. Summary
We examined additional roles of the sensible heat
supply from the Kuroshio/Kuroshio Extension in the
CCB–LH feedback process, which has been proposed
as a dynamic process of the rapid development of an extratropical cyclone over warm currents (H15). We
performed a control experiment (CNTL run) and three
sensitivity experiments (NSH, NLH, and NSLH runs) with
respect to surface turbulent heat fluxes from the ocean by
using a regional cloud-resolving model. Sensible heat
fluxes, latent heat fluxes, and both sensible and latent heat
fluxes from the warm currents were excluded in the NSH,

NLH, and NSLH runs, respectively. The major findings of
this study are summarized in the following points:
1) The deepening of the central pressure of the
cyclone, the CCB’s development, and the associated latent heating over the bent-back front are
inhibited in the NLH run compared with those in
the CNTL run. These differences between the two
runs support the validity of the CCB–LH feedback
process.
2) The cyclone’s intensity and the associated mesoscale
updraft and latent heating over the bent-back front
were weaker in the NSH run than in the CNTL run.
Such differences were also evident between the
NSLH and NLH runs. The sensible heat supply from
the warm currents played significant roles in the
CCB–LH feedback process.
3) The sensible heat supply from the warm currents
reinforced the convectively unstable conditions
within the atmospheric boundary layer around the
CCB. The enhanced convective instability was released by the updraft associated with the frontogenesis
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on the western edge of the bent-back front. Consequently, the ascending motion and the associated
latent heating over the bent-back front became activated. In addition, the sensible heat supply led to an
increase in the temperature and saturation mixing
ratio of the near-surface saturated air along the CCB,
facilitating an increase in its water vapor content. This
increase in water vapor contributed to an increase in
the moisture penetrating the bent-back front via the
CCB, which strengthened the latent heating. These
two effects of sensible heat supply played a secondary
role in the CCB–LH feedback process.
A series of studies including H15, H16, and the present study has revealed that the revised CCB–LH feedback process can be a crucial factor for the rapid
development of an extratropical cyclone over the Kuroshio/
Kuroshio Extension. However, it is uncertain whether this
feedback process is applicable in all cases and in other regions that are characterized by similarly warm ocean currents. Thus, numerical simulations are under way with
respect to extratropical cyclones developing rapidly over the
Gulf Stream. The results of the new research will be reported in a separate paper.
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